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In primary 7-8-day culture of cerebellar granule cells, glutamate exposure (100 µM, 10-
240 min) induced a 60-30% drop in ATP level; during the postglutamate period ATP
level completely recovered after 24 h. Inhibition of NO-synthase with L-NAME during
glutamate application resulted in less pronounced decrease in ATP level immediately
after its application and had no effect on ATP recovery after 24 h. It was found that
hyperstimulation of glutamate receptors elevates concentration of NO products (nitrites
and nitrates), while NO2

— ions can increase ATP content.
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The decrease in ATP content in neurons during
brain hypoxia and hyperstimulation of glutamate
receptors can disturb intracellular and intercellular
signaling in cerebral neurons, in particular, ionic
homeostasis, activity of glycolytic and oxidative
phosphorylation enzymes, mitochondrial Ca2+ up-
take, and protein synthesis [6-8,10,11,13]. Previous
studies showed that ATP content in cultured cere-
bellar granule cells (CGC) decreased immediately
after application of glutamate (Glu) [1,2,8,3]. How-
ever, the dynamics of ATP content in postglutamate
period is poorly studied.

Elevated content of NO is a potential factors
promoting Glu-induced decrease in ATP concentra-
tion [10,11]. Examination of the effects of exo-
genous NO donors on energy metabolism in neu-
rons showed that NO in high concentrations inhi-
bits both oxidative phosphorylation and glycolysis
[11]. At the same time, experiments on isolated rat
mitochondria showed that NO2

— ions turn into NO

under hypoxic condition and can accept electrons
from cytochrome oxidase of the respiratory chain
[4]. Here we examined the dynamics of ATP con-
tent in cultured CGC during application of GLU
and in the postglutamate period and the role of NO
and nitrites in this process.

MATERIALS AND METHODS

Experiments were carried out on 7-8-day culture of
rat CGC. The procedure of isolation of cell suspen-
sion for neuron culturing was described elsewhere
[3,5,6]. The cells in culture were washed with a
control solution containing (in mM): 130 NaCl, 5.6
KCl, 1.8 CaCl2, 1.0 MgCl2, 20 HEPES, 5.0 glucose,
pH 7.4. Application of Glu (100 µM) and inhibition
of NO-synthase with 100 µM L-NAME (Nω-nitro-
L-arginine methyl ester) was performed a Mg2+-free
solution containing 10 µM glycine at 20-25oC. The
cultures were divided into two groups. In the first
group, ATP content was determined immediately
after the end of Glu application. Group 2 cultures
were washed with control solution, incubated in
neurobasal medium (NBM) with B-27 supplement

Bulletin of Experimental Biology and Medicine, Vol. 143, No. 4, 2007 PHARMACOLOGY AND TOXICOLOGY



443

(Gibco) in a CO2-incubator, and after 4 and 24 h
washed from NBM with control solution. ATP was
extracted with 2% trichloroacetic acid containing 2
mM EDTA. The extracts were neutralized with 3 M
KOH/1.5 M Tris, centrifuged, and an aliquot of the
supernatant was sampled for measurement of ATP
concentration by luminescent method with luci-
ferin-luciferase (Calbiochem) in 0.1 M Tris-acetate
buffer at pH 7.75 [13]. The content of ATP was
standardized by protein content in the sample. Pro-
tein concentration was determined with a special
reagent (Bio Rad) after addition of 0.1 N NaOH to
cell. The results were presented as percent of con-
trol (6.8±0.5 nmol/mg protein, 100%).

The content of NO products (nitrites and nitra-
tes) in cultured CGC was measured after sedimen-
tation of proteins using a Calbiochem kit, which
converted nitrites into nitrates under the action of
nitrate reductase followed by measurement of nit-
rite content with Griss reagent (according to manu-
facturer’s instruction).

The concentration of cyclic guanosine mono-
phosphate (cGMP) was determined by enzyme im-
munoassay in 0.4 N HClO4 extracts neutralized
with KOH [3]. The data were obtained on several
cultures (n=3-4) in each experiment (no less than 3
for any index).

RESULTS

We studied changes in ATP content in CGC de-
pending on the duration of Glu application (Fig. 1).
Immediately after 10-min Glu exposure, ATP con-
tent decreased to 62±10% of the control. Longer
exposure (Fig. 3, a) induced more pronounced de-
crease in ATP level: to 47±5% (30 min), 40±4% (2 h),

and 36±2% (4 h). Since the decrease in ATP con-
centrations was similar after 30-min, 2-h, and 4-h
exposure with Glu, most measurements were per-
formed after a 30-min exposure. During 24-h post-
glutamate period, ATP content returned to virtually
control level (Fig. 1, b). Similar data on the reco-
very of energy level in CGC were obtained previ-
ously [8]. By contrast, in cortical neurons ATP level
did not recover during the postglutamate period [7].

Glu-induced elevation of [Ca2+]i activates NO-
synthase and increases the content of endogenous
NO [5,10]. In its turn, NO activates soluble guany-
late cyclase and elevates cGMP concentration [14];
under these condition the NO-cGMP pathway plays
an important role in protection of cerebellar neu-
rons from neurotoxins [15]. We showed that NO
content (determined from concentration of end pro-
ducts nitrates and nitrites) considerably increased
immediately after Glu application (Fig. 2, a). The
concentration of cGMP increased as early as during
the first minute of Glu application and remained
high after 15-min exposure. Similar increase in
cGMP level was observed after application of NaNO2

(Fig. 2, b). Since NO is the major activator of so-
luble guanylate cyclase involved in cGMP synthesis
[14], our findings suggest that in cerebellar cultured
neurons nitrites can be converted into NO.

Inhibition of NO-synthase with 100 µM L-NAME
during 30-min application of Glu increased ATP
content by 20% compared to the effect of Glu alone.
We previously demonstrated that L-NAME pre-
vented neuronal death induced by hyperstimulation
of glutamate receptors [5]. It can be hypothesized
that the increase of ATP concentration observed
during inhibition of NO synthesis can protect neu-
rons from the toxic effects of Glu. Inhibition of NO
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Fig. 1. Effect of hyperstimulation of glutamate receptors on ATP level in CGC culture. a: ATP content in the control (1) and after after
10-min (2), 30-min (3), 2-h (4), and 4-h (5) exposure with glutamate (100 µM); b: ATP content in the presence of NO synthase inhibitor
after 30 min (I) and after exposure with 100 µM Glu (open bars) and 100 µM Glu with 100 µM L-NAME (dark bars) after washout with
control solution followed by 4-h (II) and 24-h (III) incubation. *p<0.05, **p<0.01, ***p<0.001 compared to the control.
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synthesis during the postglutamate period had no
effect on the dynamics of ATP concentration. Thus,
our findings suggest that increased NO content
affects the decrease in ATP concentration only du-
ring Glu application, whereas during the postglu-
tamate period the difference in the decrease in ATP
concentration did not depend on inhibition of NO
synthesis during Glu application.

NO is a short-living molecule, which is rapidly
converted into nitrites and nitrates. Since nitrite
ions can accept electrons from the respiratory chain
[4], it is important to find out whether these ions
affect ATP level in cerebellar neurons.

Addition of 100 µM NaNO2 after 15-min Glu
application followed by their 15-min combined expo-
sure significantly increased the content of ATP com-
pared to the effect of Glu alone (Fig. 3, a). In con-
centrations below 100 µM, NaNO2 and NO-regene-

rating compound nitrosocysteine (SNOC) significantly
increased ATP level in the delayed period after
exposure (after 4 h, Fig. 3, b). This increase in ATP
content can be explained by acceptance of elec-
trons from cytochrome oxidase by NO2

— ions after
addition of NaNO2 or formation of these ions due
to dissociation of SNOC (100 µM) and stimulation
of ATP synthesis in mitochondria. However, in
higher concentration (1000 µM) SNOC significantly
decreased ATP level compared to control samples.
Increasing NaNO2 concentration to 1000 µM also
decreased ATP level. This significant drop of ATP
content under the action of SNOC in high con-
centrations can result from inhibition not only in
IV, but also in I and II complexes of the respiratory
chain by NO [10]. Under these conditions, the abi-
lity of NO2

— to accept electrons from the respira-
tory chain cannot affect the increase in ATP level.
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Fig. 2. Effect of Glu on production of NO metabolites and cGMP in CGC culture. a: effect of Glu on the content of NO products in the
control (1) and after 30-min exposure with 100 µM Glu (2); b: cGMP level after application of 100 µM Glu (open bars) and 100 µM NaNO2

(dark bars). *p<0.01, **p<0.001 compared to the control.

Fig. 3. Effect of NaNO2 and SNOC in different concentrations on ATP content in CGC culture. a: ATP content in control (1) after 30-min
application of 100 µM Glu (2) or NaNO2 (3), and after 15-min application of 100 µM with combined application of both Glu and NaNO2 (4);
b: ATP level 4 h after 30-min exposure to NaNO2 and SNOC in concentrations of 100 µM (open bars) or 1000 µM (dark bars). *p<0.001
compared to the control; +p<0.05, ++p<0.001 compared to the effect of the corresponding agent in concentration of 100 µM.
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This explains opposite effects of 100 and 1000 µM
SNOC on ATP synthesis in cerebellar neurons.

It is now accepted that activity of cytochrome
oxidase complex (Green IV complex) is an endo-
genous marker of neuronal activity. Short-term inhi-
bition of complex IV in respiratory chain by NO
protects mitochondria by maintaining their mem-
brane potential ΔΨm thereby protecting cells from
apoptosis [9]. Maximum activity of cytochrome
oxidase in neurons is detected in close proximity
to NO-synthase and NMDA receptors [10].

In mitochondria of plants and microorganisms,
NO2

— ions can play the role of electron acceptors
from the respiratory chain. It is also known that
these ions can accept electrons from mitochondrial
cytochrome oxidase [4]. Under conditions of hypo-
xia and hyperstimulation of glutamate receptors,
accumulation of nitrites as NO end products can
promote alternative ATP synthesis and contribute
to ATP recovery in cerebellar neurons.

Thus, we demonstrated that hyperstimulation of
glutamate receptors induces a short-term drop in
ATP level, which recovered within 24 h after expo-
sure. We also revealed a dual role of NO and NO2

—

ions in energy metabolism of cerebellar neurons.
The decrease in ATP content due to endogenously
produced NO takes place only during Glu applica-
tion and can be explained by reversible binding of
NO with heme iron in cytochrome oxidase. Then,
NO molecules are converted into nitrites and prob-
ably play a role of alternative (to oxygen) acceptors
of electrons and restore ATP level in cerebellar
neurons. At the same time, large amounts of exo-
genous NO can inhibit various elements of the
respiratory chain and decrease ATP level.

This work was supported by the Russian Foun-
dation for Basic Research (grant No. 05-04-49481)
and by Leading Scientific Schools Grant of Pre-
sident of Russia (grant No. NSh-9124.2006.4).

REFERENCES

1. A. P. Bogachev, L. P. Bykova, B. I. Khodorov, et al., Biol.
Membr., No. 9, 1057-1059 (1992).

2. V. G. Pinelis, L. P. Bykova, A. P. Bogachev, et al., Byull. Eksp.
Biol. Med., 123, No. 2, 162-164 (1997).

3. V. G. Pinelis, E. G. Sorokina, V. P. Reutov, et al., Dokl. Akad.
Nauk, 352, No. 2, 259-261 (1997).

4. V. P. Reutov, E. G. Sorokina, V. E. Okhotin, and N. S. Ko-
sitsyn, Cyclic Transformations of Nitric Oxide in Mammals [in
Russian], Ìoscow (1998).

5. E. G. Sorokina, V. P. Reutov, V. G. Pinelis, et al., Biol. Membr.,
16, No. 3, 318-323 (1999).

6. B. I. Khodorov, T. P. Storozhevykh, A. M. Surin, et al., Ibid.,
18, No. 6, 419-430 (2001).

7. A. Almeida and J. P. Bolanos, J. Neurochem., 77, 676-690
(2001).

8. M. Ankarcrona, J. M. Dypbukt, E. Bonfoco, et al., Neuron,
15, 961-973 (1995).

9. B. Beltran, A. Mathur, M. R. Duchen, et al., PNAS, 97, No. 26,
14,602-14,607 (2000).

10. J. P. Bolanos, A. Almeida, V. Stewart, et al., J. Neurochem.,
68, No. 6, 2227-2240 (1997).

11. J. R. Brorson, P. T. Schumacker, and He Zhang, J. Neuro-
science, 19, No. 1, 147-158 (1999).

12. G. C. Brown and C. E. Cooper, FEBS Lett., 356, 295-298
(1995).

13. S. L. Budd and D. G. Nicholls, J. Neurochem., 67, 2282-2291
(1996).

14. E. Fedele and M. Raiteri, Prog. Neurobiol., 58, 89-120 (1999).
15. N. J. Pantazis, J. R. West, and D. Dai, J. Neurochem., 70, No.

5, 1826-1838 (1998).


